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Abstract. Single-vehicle data of freeway traffic as well as selected Floating-Car
(FC) data are analyzed in great detail. Traffic states are distinguished by means
of aggregated data. We propose a method for a quantitative classification of these
states. The data of individual vehicles allows for insights into the interaction of ve-
hicles. The time-headway distribution reveals a characteristic structure dominated
by peaks and controlled by the underlying traffic states. The tendency to reach
a pleasant level of “driving comfort” gives rise to new v(∆x)-diagrams, known as
Optimal-Velocity (OV) curves. The insights found at locally fixed detectors can be
confirmed by FC data. In fundamental diagrams derived from local measurements
interesting high-flow states can be observed.
1 Introduction
Experimental and theoretical investigations of traffic flow have been the fo-
cus of extensive research interest during the past decades. Various theoretical
concepts have been developed and numerous empirical observations have been
reported (see e.g. [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15] and references therein).
However, most of them are still under debate. Recent experimental obser-
vations suggest the existence of three qualitatively different phases [5]: 1)
Free-flow states with a large mean velocity, 2) synchronized states, where the
mean velocity is considerably reduced compared to the free-flow states, but
all cars are moving, and 3) stop-and-go states with small jams. The last two
states are summarized as congested states. Following [5] three different types
of synchronized traffic exist. Long time intervals of constant density, flow,
and velocity characterize the first type (i). In the second type (ii) variations
of density and flow are observable, but the velocity of the cars is almost con-
stant. Finally, there is no functional dependence between density and flow in
the third type (iii) of synchronized traffic.
This work focuses basically on two points. First, we present a direct anal-
ysis of single-vehicle data which leads to a more detailed characterization
of the different microscopic states of traffic flow, and second we use stan-
dard techniques of time-series analysis, i.e. utilization of autocorrelation and
crosscorrelations, in order to establish objective criteria for an identification
of the different states [15]. These investigations have been carried out us-
ing extended data sets from locally fixed detectors on a German highway.
Concluding, the insights we got are compared with results drawn from car-
following experiments.
2 Data from Locally Fixed Detectors
The data set is provided by 12 counting loops all located at the German
highway A1 near Ko¨ln (Fig. 1) [14,15]. At this section of the highway a speed
limit of 100 km/h is valid – at least theoretically. A detector consists of three
individual detection devices, one for each lane. By combining three devices
covering the three lanes belonging to one direction (except D2) one gets
the cross-sections. D1 and D4 are installed nearby the highway intersection
“Ko¨ln-Nord”, while the others are located close to a junction. These loca-
tions are approximately 9 km apart. Within two weeks in June 1996 more
than two million single-vehicle measurements were recorded. Nearly 16% of
the detected vehicles were trucks. During this period the traffic data set was
not biased due to road constructions or bad weather conditions. The traf-
fic computer recorded the distance-headway ∆x as well as the velocity v of
the vehicles passing a detector. The time elapsed between two consecutive
vehicles has to be calculated via ∆xn = vn−1∆tn for the vehicle n and its
predecessor n− 11.
For a sensible discussion it is plausible to split up the data set according
to the different traffic states. Time-series of the speeds allow for a manual
separation into free flow and congested states. The congested states, in turn,
are composed of stop-and-go traffic as well as of synchronized states (here
only type (iii)). A distinction is possible by utilizing the crosscorrelation as
described later. Beside the separation with regard to the traffic states the
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Fig. 1. The examined section of the highway A1 near Ko¨ln. The detector
installations D1/D4 are nearly one kilometer apart from a highway intersec-
tion.
data can be arranged in density intervals. The density ρ is a global quantity
like flow J or mean velocity 〈v〉. In the present case the density can only be
determined by the hydrodynamic relation ρ = J/〈v〉. Due to the event-driven
measurements one makes an error in the high-density regime. Standing cars
1 In fact the velocity of a car passing the detector and the time elapsed since the
leading vehicle has passed are the direct measurements (see [15] for an elaborate
discussion).
lead to an overestimation of the velocity of passing cars and an underestima-
tion of the density. Therefore, the data points in the fundamental diagram
J(ρ) (Fig. 2) are shifted to the left in stop-and-go traffic. In the same way
other methods must fail, since the prime reason is the event-driven measure-
ment method.
Correlation functions can detect and quantify coupling effects between vari-
ables. With ψ the variable of interest the autocorrelation
acψ(τ) =
1
σ(ψ)
[
〈ψ(t)ψ(t + τ)〉 − 〈ψ(t)〉2
]
(1)
provides information about the temporal evolution of ψ (σ(ψ) is the vari-
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Fig. 2. Typical autocorrelation functions of aggregated variables depending
on the traffic state. The correlation collapses in the case of synchronized flow,
in stop-and-go traffic one observes oscillations [17].
ance of ψ). In Fig. 2 the typical behavior for 1-min-averages is depicted. In
free-flow traffic there are only slight changes in both flow and density. These
correlations break down during the crossover to synchronized flow – the cor-
responding data points in the fundamental diagram are scattered over an
extended plane. In stop-and-go traffic an oscillating structure can be found,
a hint on the alternating occurrence of stall and movement [17].
Now, τ is substituted with η in (1) as well as t with n, where η is the num-
ber of consecutive vehicles. The results are plotted in Fig. 3. In the case of
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Fig. 3. If single-vehicle data are applied to the autocorrelation function, one
can obtain a synchronization effect along the road.
free-flowing traffic streams the vehicles move quite independent of each other,
which supports the assumption of random headway states for the analytical
description of time-headways. If synchronized traffic emerges an adaption of
vehicular speeds between lanes [5] as well as among consecutive cars is to
notice.
On the other hand, the crosscorrelation detects, whether two variables ξ and
ψ or coupled or not. It is defined as
ccξψ(τ) =
1
√
σ(ξ)σ(ψ)
[〈ξ(t)ψ(t+ τ)〉 − 〈ξ(t)〉〈ψ(t + τ)〉] . (2)
By calculating the crosscorrelation ccJρ between flow and density an objec-
tive parameter is given for discriminating between the several states of traffic.
From investigations of the present data base one may conclude the following:
Further insights into the car-car-interaction are provided by analyses of his-
Traffic state ccJρ Interpretation and remarks
Free flow ≈ 1 Density controls flow
Synchronized ≈ 0 Data points cover a plane in the fundamental diagram
Stop-and-Go ≈ ±1 Data points close to a line with positive or negative slope
(with regard to the applied ρ-method)
tograms of clearances, speed differences and time headways. Time headways
of unbounded moving cars (Fig. 4) can be described through so-called random
headway states which yields an exponentially decaying background signal of
the probability distribution P (∆t) [3] in the form
P (∆t) =
1
τ ′
e−∆t/τ , (3)
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Fig. 4. At least one peak emerges in all traffic states, which position is in-
dependent of the density of traffic. In free-flow traffic the background signal
can be described through a Poisson process with exponential decay [3].
where τ is directly linked with the present traffic flow J and τ ′ ≈ τ/ν with
ν the number of bins in an interval of 1 sec (here typically ν = 10). Addi-
tionally, two peaks show up, the weaker one near ∆t = 2 sec and the higher
one below 1 sec and rising with ascending density. The latter corresponds to
high-current states in the fundamental diagram, since small time-headways
are necessary to generate them. With the transition to congested traffic states
this background looses its evidence. In stop-and-go states there is only the
peak at ∆t ≈ 2 sec – it reflects the fact that only cars leaving a jam are to
detect with the typical time headway for this procedure.
The data are also suitable to generate OV diagrams. Before doing so, it is
worth to have a look at the speed differences ∆vn. By means of Fig. 5 one
soon realizes that the drivers tend to minimize driving actions and simulta-
neously to improve their “driving comfort”: With vanishing ∆vn they follow
their predecessors closer than suggested with a mean gap ∝ ρ−1, and this
is the most probable situation. For deriving an optimal velocity only data
points with ∆vn ≈ 0m/sec are taken into account (right diagram in Fig. 5).
Additionally, the data sets were again distinguished according to the under-
lying global traffic state. This leads to different OV relations, which can be
fitted nicely by a tanh ansatz.
3 Floating-Car Data
The FC data were collected during field studies in the framework of the
Research-Cooperative “NRW-FVU” of North-Rhine Westfalia [6]. The data
sets recorded during such studies contain the own velocity v, the difference
of velocities ∆v to the predecessor and the clearance ∆x to him. The dis-
tance to the leading vehicle and its velocity is measured using a laser beam.
This method leads to very precise results as long as the beam does not miss
the leading car. But nevertheless a part of the data set is not correct, e.g.
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Fig. 5. Left: “Driving comfort” is characterized by a minimization of the
difference of speeds between two consecutive cars with a minimal distance.
Consistently, only data points with ∆vn ≈ 0m/sec should contribute to the
OV curve [10].
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Fig. 6. After a clean-up all errors in the time-series were erased. With this
data base the speed-distance relation (right) is plotted.
data recorded during lane-changing maneuvers. These faulty items can be
easily identified and have to be omitted before analyzing the data set (see
Fig. 6). Afterwards the data set is diluted in a way that only one measure-
ment per second remains. The v(∆x)-diagram (here without discrimination
due to traffic states) now is comparable to the previously presented one. In
free flow the data points are arranged on a line parallel to the ordinate, very
small clearances (down to ∆x ≈ 15m at high speeds (100 km/h)) can be
obtained. From this microscopic level of view also macroscopic quantities can
be computed. Since J ∝ ∆t−1 and ρ ∝ ∆x−1 a fundamental diagram can be
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Fig. 7. Fundamental diagrams drawn from local measurements. Of special
interest is the long-lasting high-flow state (left), which corresponds to a stable
follow-the-leader formation with short time-headways for minutes.
plotted (Fig. 7). Two important facts have to be mentioned: There are stable
high-flow states persisting for minutes and caused by two consecutive vehicles
with less or no fluctuations in the drivers’ behavior. These results support
the view that already in the free-flow regime small platoons can be observed
which move at small distances. The transition into congested states takes
place only at reduced traffic volumes and not at or nearby the maximum.
The histograms in Fig. 8 confirm the findings of the previous section. Espe-
cially, one recognizes that the state ∆v ≈ 0m/sec is the most attractive one,
and the most probable time headway is located near ∆t = 2 sec. Crucial
contributions to the distribution come also from time headway shorter than
1 sec.
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